Insects live in a highly
S
uccessful location of resources such as food, mates, and oviposition sites by insects requires the ability to detect chemical and physical cues indicating the presence of these resources within a highly complex environment of very different stimuli. In addition to physical cues, chemical stimuli are used by a wide range of herbivorous and carnivorous insects for location of resources (Visser 1986 , Quicke 1997 , Wyatt 2003 , Schoonhoven et al. 2005 , Dudareva et al. 2006 . In particular, olfactory cues may play a crucial role for herbivores to locate distant host plants (Visser 1986 , Bernays and Chapman 1994 , Bruce et al. 2005 ) and for predators and parasitoids to find prey and hosts, respectively (Vet and Dicke 1992 , Vinson 1998 , Steidle and van Loon 2003 , Hilker and Meiners 2006 , Takabayashi et al. 2006 .
In this article, we focus on the role of environmental olfactory cues that are present in addition to resourceindicating odor (RIO). These additional environmental volatile cues will be referred to here as "background odor." According to this ecological definition, this odor includes the volatiles of the habitat in which the foraging insect locates its resource, except the volatiles indicating the resource itself. Studies show that background odorants are usually volatiles ubiquitous in many habitats. The impact of background odor for orientation of insects to a target by RIO will be analyzed from a behavioral ecology perspective. Background odor has often been considered to be irrelevant or to mask the resource-indicating cues, thereby reducing the response to attractants (figure 1; e.g., Hambäck and Beckerman 2003) . However, there is some evidence from behavioral and electrophysiological studies that background odor may also enhance the insect's response to cues indicating the presence or suitability of resources.
We aim to emphasize the significance of background odor by showing its effects on insect olfactory resource location. How do volatiles present within the habitat influence the olfactory orientation of an insect to a resource? First, we consider studies showing that background odor has no impact on olfactory orientation to a resource. We then outline further studies showing that background odor either masks or enhances the insect's behavioral response to RIO. The very different effects of background odor on orientation by RIO may be caused by either a single background volatile compound or by a complex background mixture. From a neuroethological perspective, we address the question of how the insect can perceive and process RIO in the presence of habitat background odor. From an ecological perspective, we look at the possible ecological functions of background odor.
Finally, although previous concepts of the detectability of RIO emphasized the role of RIO quantities (e.g., Vet and Dicke 1992) , we argue that the effects of background odor also need to be taken into account when considering the detectability of RIO. Further, we suggest parameters that should be considered in future studies of insects' olfactory search for resources present in complex habitat background odor.
Irrelevant background odor
Chemical ecologists may ask whether the diversity of natural products in a habitat increases with the habitat's species diversity, and if so, whether high chemical and species diversity impedes orientation by chemically orientating insects. However, even though the chemical ecologist may detect a highly complex background odor in a highly diverse habitat, this background odor may be irrelevant for a resource-searching insect for two reasons: (1) the insect olfactory system may lack receptors for components of background odor, and (2) the olfactory system may be fully adapted to the background odor (figure 1a). In both cases, the background odor neither masks nor enhances the response of the foraging insect to RIO.
For example, attraction of the predatory mite Phytoseiulus persimilis to volatiles from spider mite (Tetranychus urticae)-infested lima bean leaves did not interfere with volatiles from caterpillar (Pieris brassicae)-infested brussels sprouts leaves (Dicke et al. 2003) . The composition of the emitted feedinginduced blends differed between both plant species. The blend emitted by infested lima bean plants was dominated by terpenoids , whereas cabbage plants emitted mainly fatty acid derivatives (Mattiacci et al. 1994 ). The Figure 1 . A behavioral ecology approach to determining how background odor affects the response of a foraging insect to resource-indicating odor. Resource-indicating odor (RIO) may consist of a single volatile component or a mixture of volatiles, and the background odor may be a single volatile component or a complex blend. According to this model, the response to RIO depends on the odorous context in which it is perceived. (a) Irrelevant background odor may be present in the habitat, but the foraging insect is insensitive to it. Thus, this background does not affect the insect's response to RIO and is considered irrelevant. Furthermore, when the insect is fully adapted to background odor, the response to background odor might become so low that it too is irrelevant for RIO perception. (b) Background odor that is perceived by the foraging insect masks the detection of RIO. Such masking can be due to (1) components that have no effect per se but render RIO less detectable, or (2) components that are repellent and thus, counteract the attractiveness of RIO. (c) Background odor may (1) have no effect per se but nevertheless enhance the response of a foraging insect to RIO. Also, background odor may be attractive per se (2) and enhance the insect's response to RIO. predatory mite was shown to be attracted by several terpenoids, but not by fatty acid derivatives (Dicke et al. 1990 ). The nonattractiveness of volatiles from infested brussels sprouts plants may be due to a lack of chemoreceptors sensitive to these components (de Bruyne et al. 1991) . Therefore, because of a limited sensitivity range, certain background odors may be irrelevant because they are not perceived, and thus cannot affect the insect's response to resource-indicating cues.
As long as a foraging insect has not found its resource, background odor present in the habitat is perceived before RIO. The repeated or constant exposure of the insect to background odor may cause adaptation and habituation, that is, a waning of response to this odor. An example of an insect's adaptation to odor is provided by studies of the olfactory orientation of Drosophila larvae. The behavioral response of larvae to volatiles varies significantly depending on exposure time, the concentration of the odorant, and its chemical properties (Dalton 2000 and references therein). Thus, odor when present in the background of target cues and perceived constantly before perception of the target cues might become irrelevant, that is, the background odor does not affect or hardly affects the response to RIO.
Masking background odor
The phenomenon of odor masking was described decades ago. An early report of odor masking was provided by Monteith (1960) , who demonstrated that olfactory stimuli from a nonhost plant (background odor) masked the odor from a host plant (a RIO). In olfactometer bioassays, the larval tachinid parasitoid Drino bohemica was no longer attracted to host plant odor when that odor was combined with nonattractive, nonhost-plant odor. The mechanisms by which a background odor masks RIO may imply interactions of the odorants at the sensory periphery and further processing levels. Here, the masking effects of an odor on RIO are considered to be those that mask or neutralize the behavioral response of an insect to RIO. According to this definition, RIO is attractive in the absence of the masking odor and nonattractive when masking background odor has been added. Several studies have shown that masking of an attractant odor may be due to (a) neutralization of the behavioral response by compounds that elicit a repellent response when presented alone (Price et al. 1980 , Nottingham et al. 1991 , Isaacs et al. 1993 , Hori and Komatsu 1997 , Held et al. 2003 , Mauchline et al. 2005 or (b) inhibition by compounds that have no repellent activity per se (Thiery and Visser 1986 , 1987 , Yamasaki et al. 1997 , Costantini et al. 2001 . Therefore, according to this definition of masking, the behavioral response to RIO is masked by compounds that may or may not provide a signal when presented alone. The effect of masking an attractive odor by a single volatile component or a more complex background odor has been described in several herbivorous insect species. A few examples are listed in table 1.
The ubiquitous green leaf single-volatile component (E)-3-hexen-1-ol (a single background volatile) does not elicit a behavioral response by the Colorado potato beetle (Leptinotarsa decemlineata). However, this single component has been shown to mask the odor of undamaged potato plants (which emit multiple RIOs) attractive to the Colorado potato beetle (Visser and Avé 1978) . The beetle was no longer attracted to undamaged potato plants after the addition of this green leaf volatile component. Thus, a single volatile, which by itself cannot elicit a behavioral response, rendered host-plant cues (i.e., RIOs) less detectable when perceived in combination with them. The physiological mechanisms for Note: The resource-indicating odor (RIO) has been presented in combination with background odorants, producing effects that either mask or enhance the response to RIO. Odor sources are either attractive (+), repellent (-), or do not elicit a behavioral response (0) by the receiver. Additionally, responses after odors are combined may be stronger than the individual responses to resource-indicating volatiles (++; +++, --).
how (E)-3-hexen-1-ol interferes with the host-plant blend have not been investigated in this study. The host plant itself probably releases (E)-3-hexen-1-ol in admixture with other components. The addition of (E)-3-hexen-1-ol may disturb the ratio of quantities of host-plant volatiles crucial for attraction (figure 1b 1 ; see also the discussion below on neuro ethological aspects).
A behaviorally relevant but repellent single volatile can outweigh the attractiveness of RIO, as was shown, for example, in a study on alate virginoparae of the black bean aphid Aphis fabae, which were no longer attracted to the odor blend of their host-plant leaves (Sutton dwarf bean, which emits multiple RIOs) when this blend was combined with 3-butenyl or 4-pentenyl isothiocyanate (a single background volatile; Nottingham et al. 1991) . These single substances when tested alone were repellent to the black bean aphid. Hori and Komatsu (1997) reported analogous findings when studying the response of the onion aphid Neotoxoptera formosana to host-plant odor (Welsh onion, a multiple RIO emitter). Alpha-pinene (a single background volatile) had a masking effect on attractive host odor, but when tested alone it was repellent to the aphid. Thus, if habitat background odor contains repellent components, these may override the attractiveness of RIO (figure 1b 2 ).
Not only single background volatiles but also complex blends have been shown to mask resource-indicating cues. For example, Thiery and Visser (1986) demonstrated that nonhost-plant odor (multiple background odor) of both wild tomato (Lycopersicon hirsutum f. glabratum) and cabbage (Brassica oleracea) masked the odor of the host plant (Solanum tuberosum, a RIO) attractive to the Colorado potato beetle. Neither of the tested nonhost-plants odor blends elicited any behavioral response when presented alone. Again, the mechanisms by which nonhost-plant blends interfere with the host-plant blends are unknown. The nonhost plant pattern may interfere at the sensory periphery and further integrative levels with the host-plant odorants so that the odor gestalt is no longer detectable for the insect (figure 1b 1 ).
Just as single repellent volatiles are known to be able to outweigh the attractiveness of RIO (see above), complex blends were also shown to have such masking effects. For example, the onion aphid is repelled by the odor of the nonhost-plant rosemary (Rosmarinus officinalis, a multiple background odor). When odor of both the onion host (a RIO) and rosemary nonhost plants were offered, the aphid was no longer attracted to onion showing a masking effect by the nonhostplant odor blend (Hori and Komatsu 1997) . Mauchline and colleagues (2005) reported analogous findings: Attraction of the pollen beetle (Meligethes aeneus) to odors of the host plant (Brassica napus, a RIO) was significantly reduced by addition of odors of a nonhost plant (Lavandula angustifolia, a multiple background odor). The lavender essential oils were avoided when presented alone ( figure 1b 2 ) .
Such odor masking has been discussed to explain reduction of herbivory in forests as well as in agricultural fields. In forests, the semiochemical-diversity hypothesis predicts that nonhost-plant volatiles have potential for use in protecting trees from herbivore attack (Zhang and Schlyter 2004) : the use of mixed stands of conifers and angiosperms instead of conifer monocultures was found to disturb the olfactory orientation of conifer-inhabiting bark beetles through the masking of host conifer volatiles by nonhost angiosperm volatiles. Also, in agricultural fields where intercropping is used as a bio logical strategy to control pest insects, odor masking may affect pest insects' ability to find hosts, and thus reduce plant damage (Hooks and Johnson 2003) . However, recent studies revealed that interplanting with plants that release a disturbing odor was in effective in protecting the crops, which indicates that in addition to odor masking, other factors such as visual cues were also important (Finch et al. 2003 , Held et al. 2003 . Inter cropping with flowering herbaceous plants increases parasitoid survivorship, fecundity, retention, and pest suppression in agroecosystems (Andow 1991 , Verkerk et al. 1998 . However, it is unknown so far whether the attraction of parasitoids to volatiles from plants used by their hosts can be masked by background odor (Dicke et al. 2003) . If masking is possible, the use of inter cropping strategies in agriculture will affect the third trophic level and their host finding, and thereby indirectly also affect the abundance of pest insects.
Response-enhancing background odor
Several studies indicate that background odor may also enhance the response to cues indicating the presence of suitable resources. Again, as with odor masking, a single background volatile as well as a complex background blend can enhance the response to cues indicating a suitable resource (table 1) . The examples outlined below show that background odor that enhances the response to RIO may or may not provide a signal when perceived in the absence of RIO ( figure 1c 1 , c 2 ) .
The response-enhancing effect of single-volatile components on attractants is known for both parasitic and herbivorous insects. For example, the addition of a single terpenoid, (-)-germacrene (a single background volatile), significantly enhanced the attraction of Heliothis virescens moths to the odor of undamaged tobacco host plants (a RIO; Mozuraitis et al. 2002) . The sesquiterpene (-)-germacrene tested alone activated a major type of olfactory receptor neurons (Rostelien et al. 2000) .
A complex background blend was shown to affect the response of an egg parasitoid to a plant volatile induced by host egg deposition: the eulophid egg parasitoid Chrysonotomyia ruforum was attracted to oviposition-induced pine odor (a RIO) (Hilker et al. 2002) that contained a higher concentration of (E)-β-farnesene than did noninduced controls (Mumm et al. 2003) . The higher concentration of (E)-β-farnesene was the only difference detected between the attractive terpenoid blend of oviposition-induced pine and the nonattractive blend released from noninduced pine. However, (E)-β-farnesene presented alone did not elicit any behavioral response from the parasitoid. This sesquiterpene was attractive only when presented in the background of noninduced pine odor, which elicited no behavioral response when presented alone (figure 1c 1 ; Hilker 2005, 2006) .
The enhancer effect of complex background blends is especially well known for insect pheromone responses. For example, the attraction of the palm weevil Rhynchophorus palmarum to its aggregation pheromone (rynchopherol, a RIO) is enhanced when plant odor emitted from sugarcane (a multiple background odor) is simultaneously present (Said et al. 2005) . The odor blend emitted by sugarcane (Saccharum officinarum) was attractive to the palm weevil when presented alone (Rochat et al. 2000) . In several moth species with herbivorous larvae, the male's response to female sex pheromones is known to increase when pheromones are perceived in combination with plant volatiles (Landolt and Phillips 1997, Ochieng et al. 2002 , and references therein). Such an enhancer effect of plant volatiles might be useful, since response to sex pheromones and thus mating pays off only if the offspring will find sufficient resources for feeding, as might be indicated by plant volatiles ( figure 1c 2 ) .
The enhancer effect of background odor is not restricted to cues that attract to a resource. Also, the behavioral response to repellent cues that indicate unsuitability of a site may increase in the presence of background odor. A resource may be unsuitable because of the presence of pathogens, predators, or competitors that lower resource quality. Faucher and colleagues (2006) showed that Drosophila melanogaster adults were repelled by carbon dioxide, but the sensitivity to this repellent increased when carbon dioxide was perceived in the background of vinegar odors (attractive per se) rather than in the background of just pure air. To avoid a strongly carbon dioxide-releasing site might be a strategy to avoid competition or natural enemies. In this example, carbon dioxide is a resource quality-indicating odor. Whereas Faucher and colleagues (2006) used a multiple volatile blend of vinegar odor to enhance the response to carbon dioxide, a study by Kelling and colleagues (2002) provides an example for the responseenhancing effect of a single background volatile on a repellent. The presence of 1-octen-3-ol (a single background volatile), a typical fungal odor present in Musca habitats, was shown to enhance the avoidance response to R-(+)-limonene. The monoterpene limonene has insecticidal activity, and thus its odor may indicate a highly unsuitable site that flies avoid. Therefore, like carbon dioxide in the example outlined above, R-(+)-limonene may be considered a resource quality-indicating odor, and the response to this is enhanced by the habitat background odor.
Neuroethological aspects
Behavioral ecologists often distinguish different steps of insect foraging behavior, which include habitat location, resource location, and resource acceptance (e.g., Vinson 1976) . Although the latter step is usually guided by contact and taste cues, the first steps are often mediated by olfactory cues. Thus, both habitat cues and specific resource cues may be important signals for an insect to locate food, hosts, ovi position sites, or mates. When an insect has entered a habitat and is foraging for a resource, then habitat odor becomes background odor with respect to the resource. Within the habitat, the task is to locate the specific resource and to detect RIO or odor indicating the quality of the resource at the background of the habitat odor.
When habitat odor is an olfactory stimulus for a foraging insect, the neurobiological processing of RIO embedded in habitat odor requires (a) perception and integration of complex odor mixtures (RIO plus habitat odor) and (b) detection of RIO within the habitat odor, that is, discrimination of habitat stimuli (background odor) from RIO. Both types of processing are discussed below.
The question of how complex odor mixtures are perceived and further processed in the brain of insects and vertebrates has been addressed in several reviews in the last several decades (e.g., Stone 1966 , Visser 1986 , Masson and Mustaparta 1990 , Smith and Getz 1994 , Hildebrand and Shepherd 1997 , Galizia and Menzel 2000 , Mustaparta 2002 , Wilson and Stevenson 2003 , Ache and Young 2005 , Wilson and Mainen 2006 . The combination of RIO and habitat background odor may result in a new odor gestalt due to synergistic or antagonistic inter actions between components at different levels of odor perception and integration, which are attributable to the kinetics of the dose-response curves and the kinetics of ligand-receptor binding (Hildebrand and Shepherd 1997 , Getz 1999 , Duchamp-Viret et al. 2003 . Both the quality of components and their quantities and ratios to each other form a new odor gestalt when combining RIO and background odor. Thus, the physiological interactions evoked by simultaneous perception of RIO and background odorants may have different effects on the behavioral response to RIO (table 1) . If the interactions of background odorants with RIO inhibit perception and processing of RIO, background odor will have a masking effect on RIO. If interactions of background odorants with RIO add to the RIO odor gestalt and even synergize perception and integration of RIO, then background odor will enhance the insect's response to RIO.
How does one decipher such a complex odor mixture? Ache and Young (2005) suggested that combinatorial coding of odors would enable animals to decipher a wide range of different mixtures, and suggested that it is an evolutionary conserved strategy used by numerous organisms, including insects. Deciphering complex odor mixtures in a combin atorial way implies that (a) different volatiles can activate a single receptor cell expressing a single receptor protein, and (b) a single specific volatile can activate different receptor cells (Hildebrand and Shepherd 1997 , Malnic et al. 1999 , Galizia and Menzel 2000 . Moreover, olfactory receptor cells have two modes of signaling: excitation and inhibition. In addition, this "combinatorial coding" has been suggested to act in concert with another strategy, coding by "labeled lines," whereby neurons mediate only the signal of a specific volatile. Such combinatorial coding strategies might explain the findings that the response to highly specific RIO (such as host pheromones) can be enhanced by background odor (such as ubiquitous plant volatiles). In addition to coding of complex volatile blends in the insect's antennal lobe, interactions of volatiles at the receptor level have been explored (e.g., De Jong and Visser 1988 , Getz 1999 , and references therein).
In nature, it may be rare for an insect to locate simultaneously a new habitat and the specific resource within this habitat. Usually, before resource location, the insect is exposed to habitat odor for some time. This previous exposure to habitat odor may induce habituation or sensitization (Kaissling 1986 , 1996 , Masson and Mustaparta 1990 , Smith and Getz 1994 , Kelling et al. 2002 , thus adding a further dimension (time) to odor quality and quantity when considering discrimination of RIO and background odor. The space between odor sources is also known to play a role for discrimination of different odor blends (Bruce et al. 2005) . However, since according to our definition, background odor includes all odorants present in the habitat where the resource is present (except RIO), RIO is "embedded" in background odor, and spatial discrimination of RIO and background odor will hardly be possible in the habitat, and thus cannot support mixture segmentation.
Olfactory adaptation and habituation may play an important role in filtering background odor (Linster et al. 2007 ). Habituation and the waning response to repeatedly or constantly perceived stimuli like background odorants might help an animal to "read" the relevant input released by a resource and to ignore the background odorants (Kadohisa and Wilson 2006) . Full adaptation and habituation will render the presence of background odor irrelevant for the olfactory orientation of the insect by RIO. In this case of background suppression (Wilson and Mainen 2006) , no effects of background odor on RIO will be detectable, and RIO may be easily detected if the signal is strong enough. However, if cross-adaptation occurs, that is, if a background odorant induces adaptation to a resource-indicating odorant, the background odor will impede olfactory resource location. Contrariwise, if cross-sensitization happens, that is, if a background odorant induces sensitization to a resource-indicating volatile, the background odor will enhance the response to RIO, and thus may facilitate olfactory resource location or the detection of resource quality-indicating cues (compare Kelling et al. 2002) .
Thus, an insect encountering RIO in the presence of background odor needs to unravel the complex mixture of RIO and background odor. How this task is accomplished will depend on the interaction between odorants from the resource and the background as well as on habituation or sensitization to background odor.
Ecological function
From an ecological point of view, the fact that background odor may mask resource-indicating cues might be a constraint for the foraging receiver, but a benefit for the host plants, host insects, or prey enabling them to "hide" in a complex chemical environment. As with acoustic perception, in which a tone or melody cannot be recognized when too much noise is around, masking background odor impedes detection of RIO.
The ecological function of background odor enhancing an insect's response to resource-indicating cues might be to "sharpen the view" for a resource. As with visual perception, in which a color becomes attractive or repellent at the background of another color, background odor may also facilitate the detection of the odor of a resource, as has been suggested by Hilker and McNeil (2007) . The background odor might provide a suitable reference when, for example, foraging for a host-infested plant on the background of other non infested plants (Mumm and Hilker 2005) . Thus, background odor can provide necessary additional information, particularly for specialists, when searching for a target living only in specific habitats.
Conclusions
In this article we have outlined the effects of background odorants on the response of insects to RIO: background odor may have no effect on the orientation of insects by RIO, may mask RIO, or may enhance the response to RIO. When addressing the question of how an insect discriminates RIO from background odor, it becomes evident that adaptation and sensitization to background odor are relevant in addition to the mechanisms necessary for deciphering complex odor blends. The irrelevance of background odor for an insect orientating by RIO may be due to the lack of receptors for the respective background odorants or to habituation to background odor and the waning response to it. When background odor that is masking the response to RIO is perceived alone, in the absence of RIO, it elicits either no behavioral response or an avoidance reaction. When background odor that is enhancing the response to RIO is perceived per se, it also evokes either no behavioral response or attraction. Interestingly, background odor that is attractive per se may also increase avoidance of sites releasing volatiles that indicate an unsuitable resource.
So far, the detectability of RIO has been discussed especially with respect to the amounts of volatiles released from a resource and the specificity of the volatile blend (Vet and Dicke 1992 , Dicke 1999 , Turlings et al. 2002 , Steidle and van Loon 2003 . We emphasize that another factor-background odor-is also important when considering olfactory detectability of a food resource, that is, a host plant for an herbivorous insect, a host insect for a parasitoid, or prey for a predator. As outlined in this review, background odor may hide the resource or help to detect it. High amounts of RIO have usually been considered to provide high detectability. However, what is the relevance of different quantities of RIO when considering the various background odors? An irrelevant background odor will not affect a given quantitydependence of the response to RIO. However, at a masking odorous background, low amounts of RIO might be hidden, while large amounts of resource-indicating volatiles might still be detectable. With a background that enhances the response to target cues, we expect even small amounts of RIO to show high detectability. Thus, background odor may strongly affect which quantities of RIO are detectable and which ones are below the threshold, as outlined in the background-RIO quantity model depicted in figure 2 .
Most laboratory studies investigating the behavioral responses of herbivores or carnivores to resource-indicating volatiles were conducted in an odor-free (often charcoalfiltered) background. However, in nature, resource-indicating cues are never presented alone; they are always surrounded by background odor. Because background odor may change the response to resource-indicating odor considerably, as outlined above, future studies need to take background effects into account when trying to elucidate the response of an insect to resource-indicating cues in a natural situation (Dicke et al. 2003) . Even though numerous studies of the response of insects to RIO carefully address the question of whether previous exposure to RIO affects the response by associative learning or sensitization, the effects of previous exposure to natural background have been neglected. Thus, future studies need to consider that the effects of background odor on the insect's response to RIO can depend on the duration of exposure to background odor (time of adaptation or sensitization) as well as on the quantity and quality of the background odorants (Dalton 2000) .
Such future studies of background odor effects on orientation of insects by RIO will help to unravel the complexity of factors that determine successful resource location by insects. Moreover, these studies will contribute to improved strategies of pest and crop management. Knowledge of background odor effects may be used to enhance the efficiency of pollinators. Further, use of background odor effects may increase the disruption of olfactory communication of pest insects or enhance the success of natural antagonists of pest insects such as predators and parasitoids. This is expected to be true when background odor is irrelevant (a). However, when background odor is masking the response to RIO, low amounts of RIO might be not detectable at all, while high amounts may show at least a low detectability (b). In contrast, when background odor is present that enhances the response to RIO, even low amounts of RIO may be highly detectable, while high amounts are expected to show highest detectability at such a background (c). R indicates resource, with the size of column indicating amounts of volatiles released from resource; columns surrounding the resource column represent background odor. The number of arrows and their thickness indicate the detectability of RIO.
